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ABSTRACT
This thesis seeks to develop a compact, low-cost, and reliable solution to character-
ize the I-V relationship of multiple photovoltaic panels. For this purpose, a custom
relay circuit board is developed, which houses 12 DC-DC solid-state relays, con-
trol, and interfacing circuitry. With the addition of basic peripheral components
including a computer, a microcontroller, two multimeters, and an electronic load,
three photovoltaic panels can be characterized in a single sweep. It is shown that
the limiting factors on the panel size depend on the allowable speciVcations for
either the relays or the electronic load, whichever is minimum.
In the Vnal experiment, three thin-Vlm photovoltaic panels are characterized
adopting novel PV emulation techniques.
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INTRODUCTION
Solar energy is estimated to reach retail parity by 2015 due to improvements in
both photovoltaic technology and peripheral power electronics [1]. The accom-
panied growth in utility, residential and non-residential sectors in the last year
[2] shows a collective thrust towards a cleaner energy resource. However, solar
insolation is dependent on meteorological factors and the solar cell power output
is a function of solar insolation, temperature and total system resistance values
that can be analyzed using the I-V curve. With rapid increase in the number of
PV installations, it becomes imperative that the installed systems are veriVed to
run at optimal power for maximum eXciency, which also serves as the motivation
for this thesis. The solution oUered is a low-cost compact setup for characterizing
multiple PV panels.
This thesis is divided into four parts. The Vrst part details the system setup and
describes its components. The second part covers the Vnal test with power supplies
and the third part covers the PV emulation sweeps. The fourth part concludes the
thesis and oUers notes on future work.
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CHAPTER 1
SYSTEM OVERVIEW
Figure 1.1 illustrates the system setup, which can be broadly classiVed into source,
control and load components. The source modules are PV panels, but can be ar-
bitrary voltage domains (i.e. power supplies). The load components include two
multimeters and an electronic load. The control components include the relay
circuit board, a microcontroller and a host computer. Each PV panel is connected
through four relays to the load components for four-wire impedance measurement.
All relays of a particular load can be turned on simultaneously and independently
of other relays on the relay circuit board to provide a seamless sweep operation.
Panel ratings are given in Table. 1.1.
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Figure 1.1: System Layout
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Table 1.1: Panel Ratings
SpeciVcation Value
Max Open Circuit Voltage 60 V
Max Short Circuit Current 5 A
The host computer implements the master control by communicating over a
UART-USB interface with the MSP430 µC as a slave and a GPIB-USB interface
with the multimeters and the electronic load. The sweep is controlled by running
a Python script on the host computer that begins by instructing the MSP430 to ac-
tivate the relays associated to the Vrst PV panel. Subsequently, the script instructs
the electronic load to sweep the load impedance from a low resistance to a high
resistance, while simultaneously sampling the meters at each resistance value to
obtain voltage and current measurements. This operation is automated for three
PV panels that can be characterized in a single sweep. The script stores the mea-
surement data on the host computer for data logging and graphing purposes.
2
CHAPTER 2
RELAY CIRCUIT BOARD
The relay circuit board physically enables the characterization of multiple panels.
The board houses 12 Clare CPC1718 DC-DC solid state relays, three TI TL4242 ad-
justable LED drivers, a TI TPS79733 Low Dropout Regulator, passive components,
and interfacing and power pins (Figure 2.1). The board layout and schematics are
shown in Appendix A. The components are discussed further in the following sec-
tions.
Figure 2.1: Relay Circuit Board
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2.1 Relays
Claire CPC1718 DC-DC, optocoupled solid state relays oUer the beneVts of low on-
state resistance, high load current handling capability and compact form, which
make this relay suitable for a variety of high-performance DC switching applica-
tions [3]. The relevant characteristics of the SSR are detailed in Table 2.1. Using
Table 1.1, it is shown that the SSR can handle the panel ratings.
Table 2.1: Relevant Characteristics for CPC1718 SSR [3]
SpeciVcation Value
Mean Input Forward Voltage Drop (Vf(theory)) 1.2 V
Mean Input Forward Current (If(theory)) T = 25 ◦C 5 mA
Maximum Input Forward Current T = 25 ◦C 10 mA
Input Forward Current T = 60 ◦C 20 mA
On State Resistance(typical) 0.075 Ω
Max Blocking Voltage 100 V
Max Load Current (Without Heat Sink) 6.75 A
(With 5 ◦C/W Heat Sink) 17.5 A
The SSR input LED is energized using a DC signal, which in turn illuminates
the load MOSFET driver and switches the load (Figure 2.2). An AC triggered
relay presents another alternative option in terms of diUerent driving mechanism
to a DC triggered relay. AC relays are also cheaper, more widely available and
have higher I-V ratings than equivalent DC relays. But, AC relays do not generally
function with DC loads since they use a triac or silicon controlled rectiVer to switch
the load. An AC relay turns ON after the load signal crosses the zero threshold
to become positive with a HIGH input signal. Even after the input signal goes
LOW, the relay stays ON until the load signal becomes negative. Because, DC load
signals do not oscillate like AC load signals, the AC relays would not automatically
turn OFF for DC loads even after the input is LOW. Therefore a DC triggered relay
is selected for this project.
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Figure 2.2: CPC1718 DC-DC SSR Driving Mechanism
2.2 LED Driver
The relay driving circuit performs one of the most crucial operations in the whole
setup. A beneVt of using optocoupled relays is in the ease of design of LED driving
circuits. The simplest driving circuit uses a combination of a voltage source and a
series resistor. In this application, the supply voltage for the relay circuit board is
set equal to the USB output voltage in order to integrate USB communication with
supply voltage (Eq. 2.1).
Vsupply = 5 V (2.1)
As shown in Figure 2.3, the board supply in conjunction with an LDO can be
used as the voltage source and the series resistance value can be tuned to achieve
the mean LED input speciVcations (Table 2.1).
LDO5 V
TPS79718
1.8 V
12
0 
Ω
12
0 
Ω
12
0 
Ω
12
0 
Ω
Figure 2.3: Hypothetical LED Driving Implementation
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While the implementation discussed in Figure 2.3 is suitable, it lacks the bene-
Vts derived from using an integrated LED driver. In this implementation, the TI
TL4242 adjustable LED driver IC (Figure 2.4) is chosen because it oUers several de-
sirable features that a driving scheme like Figure 2.3 lacks. These features include
load status feedback, feedback stabilization, and short circuit and overheat pro-
tection [4]. Load status feedback can be useful as indicator of LED failure. Feed-
back stabilization and overheat protection are crucial for maintaining necessary
LED input speciVcations with variations in relay temperature (discussed further in
Temperature EUects section). Short circuit protection is necessary for safety of the
board supply in case of LED failure.
Figure 2.4: TL4242 Adjustable LED Driver [4]
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The application circuit for the LED driver is shown in Figure 2.5 and the relevant
speciVcations are detailed in Table 2.2.
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Vsupply
Figure 2.5: Application Circuit
Table 2.2: Relevant Characteristics for TL4242 [4]
SpeciVcation Value
Supply Voltage 5 V
Dropout Voltage (Vdr) (typical) 0.35 V
HIGH PWM voltage range 2.6 V ≤ PWM ≤ 40 V
VREF range (typical) 168 mV ≤ VREF ≤ 185 mV
In Figure 2.4, input I serves as the power input to the LED driver and is con-
nected to the board power supply. The PWM pin is used to adjust the voltage
delivered to the output Q with respect to the input I. In our application circuit
(Figure 2.5), the PWM is used as an enable since it allows for one LED driver to
source four relays, which need to be trigerred simultaneously for a particular PV
panel (Eq. 2.2).
4× Vf (theory) = 4× 1.2 V < 5 V (2.2)
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Using Table 2.2, the minimum voltage required to register a HIGH on the PWM
input is 2.6 volts. The digital HIGH voltage for the MSP430 is given by Eq. 2.3 [5],
[6]. Hence, the interface between the MSP430 and the LED driver requires no level
shifting hardware.
VMSP =
3.33 V, Source : TPS79733 LDO3.63 V, Source : Launchpad TPS77301 LDO (2.3)
The ST or status pin provides feedback to the MSP430 if the load becomes open-
circuit. When the status pin is not set, it is pulled up to the supply voltage of the
MSP430 using a 10 kΩ resistor as shown in Figure 2.5. In case of LED failure, the
status pin is set low after a delay time adjusted by tuning the capacitor value on
the D or delay pin.
2.2.1 Selecting the Drive Current
The TL4242 LED driver uses the REF feedback input to regulate the output Q. Us-
ing the datasheet[4], it is seen that for recommended values of RREF (0 to 10 Ω),
the mean feedback voltage is given by Eq. 2.4. Although for this application, the
RREF value found by dividing the typical VREF voltage by the typical LED bi-
asing current If(theory), falls outside the recommended range (Eq. 2.5). Therefore
the VREF voltage is unknown. This discrepancy arises because the ideal use of the
LED driver is for high power LED applications and needs to be adapted for our
project.
VREF (typical) = 177 mV (2.4)
RREF =
VREF (typical)
If(theory)
=
177 mV
5 mA
= 35.4 Ω (2.5)
The approach taken to determine optimal value of RREF is to use a KVL loop
analysis in the output loop of the LED driver (Eq. 2.7) assuming the relay input
8
LEDs operate at their mean operating point (Table 2.1). The feedback eUect on
VQ and the dropout voltage Vdr as given in Table 2.2, are ignored for the initial
analysis. Since PWM is used as an enable, the supply voltage (Table 2.2) equals the
the output voltage VQ.
VQ = 5 V (2.6)
KVL analysis in the output leg of the LED driver yields,
4× Vf(theory) + If(theory) ×RREF (theory) = 5 V (2.7)
4× 1.2 + 0.005×RREF (theory) = 5 (2.8)
RREF (theory) = 40 Ω (2.9)
Experimentally powering the circuit withRREF (theory) resistance found in Eq. 2.9,
it is observed that all four LEDs are not forward biased (Table 2.3). The experimen-
tal drive current If(exp) is lower than the desired theoretical drive current If(theory)
of 5 mA.
Table 2.3: Output Characteristics at No-Load for 40 Ω Shunt Resistance
Output Characteristic Value
If(exp) 3.05 mA
Vf(exp) 1.195 V
VREF 120 mV
VQ 4.91 V
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The If(exp) current is emperically tuned by substituting diUerent values ofRREF
resistance into the circuit until the desired biasing current of 5 mA is obtained.
Figure 2.6: Shunt Resistance vs Drive Current
Figure 2.7: Shunt Resistance vs Forward Biased Voltage
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As can be seen from Figures 2.6 & 2.7, the RREF value of 1.5 Ω delivers appro-
priate output characteristics, as listed in the following table.
Table 2.4: Output Characteristics At No-Load for 1.5 Ω Shunt Resistance
Output Characteristic Value
If(exp) 5 mA
Vf(exp) 1.23 V
Another solution would involve increasing the supply voltage for the LED driver
in order to get the appropriate LED driver output characteristics. During the initial
calculations (Eq. 2.7), the feedback eUect and the LED driver dropout voltage Vdr
are ignored. Using the LED driver datasheet [4], the minimum supply voltage for
the LED driver can be calculated as the sum of the forward voltage drop of the
LED chain, the dropout voltage of the LED driver Vdr and the max feedback volt-
age VREF .
Vsupply(min) = 4× Vf(exp) + Vdr(typical) + VREF (max) (2.10)
Using Tables 2.4 & 2.2,
Vsupply(min) = 4× 1.23 V + 0.35 V + 0.185 V (2.11)
Vsupply(min) = 5.455 V (2.12)
However, it is desired that the board be supplied by the USB port, which is
Vxed at 5 V (Eq. 2.1). Therefore, an additional DC-DC boost converter like the TI
TPS61200 converter IC would be required to boost the supply voltage upto 5.5 V.
With a supply voltage of 5.5 V, the LED driver can be operated in its recommended
range and hence the typical values for If(exp) and VREF can be used to calculate
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RREF (as given in Eq. 2.5).
2.2.2 EUect of Relay Temperature Variation
The relay input LEDs require higher input speciVcations at higher temperatures
than the ones detailed in Table 2.1. The LED driver implementation can adapt its
output characteristics based on changes in relay temperature due to feedback sta-
bilization. In order to test this hypothesis, the relay circuit board is operated at full
current load for two hours without any heat dissipation components and the LED
driver output characteristics are measured (Figure 2.8, 2.9, 2.10 & 2.11). As can be
seen from the Vgures, the relay circuit board does not need heat sinking/dissipation
components to function. Although, it is still advised to use heat sinks for optimal
performance and life cycle of the board.
Figure 2.8: Drive Current vs Time
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Figure 2.9: Forward Biased Voltage vs Time
Figure 2.10: LED Driver Output Voltage vs Time
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Figure 2.11: Shunt Voltage vs Time
For comparative purposes, consider the static implementation shown in Fig-
ure 2.3, where the LDO provides good biasing point for the input LEDs at room
temperature. Now, if the temperature of the relays is not controlled, the LEDs
would require more current at higher temperatures, that in turn requires more for-
ward voltage drop (since the slope of the I-V curve for a diode is positive in the Vrst
quadrant). Furthermore, both the eUects counteract each other since more current
through each LED branch requires more voltage drop across the series resistors.
Eventually, the current stops rising when both the eUects balance each other out
and since the relays demand higher biasing point at higher temperatures, some of
the relays turn OFF.
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2.3 LDO
The oU-board MPS430 can be powered through the relay circuit board TPS79733
LDO or through the Launchpad on-board TPS77301 LDO by using the USB inter-
face. The application circuit for the TPS79733 LDO is shown in Figure 2.5, and the
relevant speciVcations are listed in Table 2.5. While the relevant speciVcations for
the Launchpad LDO are listed in Table 2.6.
Table 2.5: TPS79733 LDO Characteristics [6]
SpeciVcation Value
Input Voltage 5 V
Output Voltage 3.3 V
Continuous Maximum Output Current 50 mA
Table 2.6: Launchpad TPS77301 LDO Characteristics [5], [7]
SpeciVcation Value
Input Voltage 5 V
Output Voltage 3.6 V
Continuous Maximum Output Current 250 mA
In Figure 2.5, VIN and GND are used for input power and ground, and are
connected to the board supply and ground signals respectively. VOUT is used to
power the MSP430. The power good pin, PG is used to keep the microcontroller
in reset mode until VCC output voltage exceeds approximately 90% of the nominal
supply voltage of 3.3 V [6]. In the last set of experiments, the MSP430 is powered
using the USB interface and the Launchpad LDO. This option also presents the
added beneVt of UART control from the computer.
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2.4 Interfacing Pins
Figure 2.12: Interfacing & Power Pins
Figure 2.12 illustrates the interfacing pins on the relay circuit board. The PWM
and the ST pins are the GPIO pins of the oU-board MSP430 that control the LED
drivers. The output power pin (3.3 V pin) on the other hand can be used to power
the MSP430 from the on-board TPS79733 LDO. Pins speciVcations have been listed
in Table 2.7.
Table 2.7: Interfacing & Power Pins
Pin Use
3.3 V MSP430 power
RESET Power Good output of TPS79733 LDO
STx Status of respective LED driver load relays
PWMx Enable signals for respective LED drivers
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2.5 Power
As mentioned in Eq. 2.1, the input voltage speciVcation for the relay circuit board
is 5 V. The board also has low power use as shown in Eq. 2.17. During a typical i-v
sweep, the maximum number of components operating at the same time are one
of the LED drivers, the LDO and two feedback LEDs.
I(Relay Board) < Imax(LED Driver) + Imax(LDO) + Imax(Feedback LEDs) (2.13)
The current requirement of the LED driver is limited by the maximum biasing
current for the relay LEDs, i.e. at high temperature operation (Table 2.1). The LDO
current requirement is limited by the maximum continuous output current of 50
mA(Table 2.5) and the maximum input current requirement of the feedback LEDs
is assumed to be 20 mA. Using the above results, Eq. 2.13 simpliVes as following,
I(Relay Board) < Imax(Relay LEDs) + Imax(LDO Output) + 2× If(max) (2.14)
I(Relay Board) < 20 mA + 50 mA + 2× 10 mA (2.15)
I(Relay Board) < 90 mA (2.16)
Therefore,
P(Relay Board) < 5 V× 90 mA = 450 mW (2.17)
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Due to the low power requirements of the relay circuit board, it can be sourced
either by an oU-board power supply or the preferred way of a USB connection
from a computer (Table 2.8).
Table 2.8: USB 2.0 SpeciVcations [8]
SpeciVcation Value
Supply Voltage 5 V
Supply Voltage Tolerance ± 5%
Maximum Supply Current (typical) 500 - 900 mA
The voltage tolerance of a USB connection is critical to the board operation and
requires more discussion. The acceptable voltage range for a USB connection is
given by the following equation,
(5− 5% of 5) V ≤ VUSB ≤ (5 + 5% of 5) V (2.18)
4.75 V ≤ VUSB ≤ 5.25 V (2.19)
A major design Waw with the relay input LED series chain implementation is
the strong dependence of the output characteristics on the input voltage level. Al-
though, the LED driver is tuned to perform at 5 V, it cannot reject disturbances
in the USB supply that are a result of noise and/or tolerance (± 5%). Figure 2.13
illustrates the I-V curve of an output relay input LED based on change in power
supply voltage level.
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Figure 2.13: Relay LED I-V Curve with 1.5 Ω Shunt Resistance
For voltages lower than 4.95 V, the relays do not fully turn ON due to insuX-
cient drive current and for voltages higher than 5.15 V, the drive current exceeds
the maximum speciVed drive current of 10 mA (Table 2.1). Thus, the board is oper-
ational within a stringent input voltage tolerance range as given by the following
equation,
4.95 V ≤ Vsupply(acceptable) ≤ 5.15 V (2.20)
Therefore, the board may not be operational with a USB power supply. A possi-
ble solution involving boosting the LED driver supply voltage has been discussed
in previous Section 2.2.1, Selecting the Drive Current.
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2.6 Future Work
Although the current design functions adequately for this project, changes can be
made for better performance. Heat sinks can be added to the relays to support
higher panel ratings. A MSP430 IC can be embedded on to the board to reduce the
need for excess hardware. The USB connection will then serve a dual purpose of
power and UART communication to the board.
The supply voltage for the LED driver can be regulated by using a TI TPS61200
Boost converter to a Vxed 5.5 V output. This solution would completely eliminate
dependence of the board characteristics on the supply voltage tolerance range.
20
CHAPTER 3
FULL SETUP TEST
The objective of this experiment is to verify the correct operation of the full setup
for the entire voltage and current range of the panel ratings (Table 1.1), and for
that purpose three DC power supplies are used. The power supplies are operated
in CV mode and can be modeled as inVnite power sources with regulated output
voltages that source appropriate current based on the load impedance. Therefore,
the resulting I-V curves are expected to be linear.
3.1 Setup
The setup for this test is essentially the same as Fig. 1.1, but with PV panels replaced
by three Kenwood PD56-10D adjustable DC power supplies. The power supplies
are set to approximately 60, 40 and 20 volts, and the electronic load impedance is
varied from 12 Ω to 100 Ω to obtain load currents upto 5 A.
3.2 Peripherals
The peripheral components to the relay circuit board perform the impedance sweep-
ing and the four-wire measurement tasks. A I-V sweep is started by running a
python script on the computer that initializes the MSP430 microcontroller UART
interface, and the GPIB interface to the Agilent 34410A multimeters and the Ag-
ilent 6060B electronic load. The script subsequently increments the MSP430 code
to the next state. Each incremented state in the MSP430 code sweeps one of the PV
panels and therefore in state 1, the MSP430 outputs a HIGH digital signal to the
Vrst LED driver that activates its load relays. The script then creates appropriate
folders and Vles on the computer for storing the measurement data and enters a
loop in which the electronic load resistance is incremented from a low value to
a high value based on the panel ratings (Table 1.1). The python script is delayed
for a couple of seconds every time the load resistance is incremented to allow the
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electronic load to settle, after which the multimeters are sampled to capture the
voltage and current values. The process is completed by repeating the same itera-
tion of steps for the second and the third PV panels. The following sections discuss
the peripheral components in more detail.
3.2.1 Microcontroller
MSP430 Launchpad provides a cheap and robust platform for digital control. In
this project, the microcontroller is primarily tasked with outputting digital signals,
communicating over UART and providing LED feedback. Digital outputs from the
MSP430 are used as PWM enable signals by the LED drivers. The UART communi-
cation is responsible for remote control of the relay circuit board by the computer,
while LED feedback informs the user of the current state of the MSP430. Since
none of these tasks are speed or computationally intensive operations, a basic mi-
crocontroller as the MSP430 Launchpad is ideal for the job.
The MSP430 code is tasked with switching between diUerent states, where each
state is responsible for sweeping a PV panel. A two second delay is installed in
the code state machine transitions to avoid commutation time between the states.
This feature is instrumental for reliable i-v sweep operation and protection of the
relays and the electronic load. The delay is chosen to be large enough so that it
can be tested by the use of three multimeters.
3.2.2 Multimeters
Two Agilent 34410A multimeters are employed for 4-wire voltage and current
measurements. Figure 1.1 illustrates the use of a voltmeter to measure the volt-
age across PV panels and an ammeter to measure the load impedance loop current.
The voltmeter is implemented by using a multimeter operated in DC voltage mea-
surement mode. The ammeter instead is implemented by putting a small resistance
(1 mΩ) across a voltmeter and measuring the voltage drop across it. A multimeter
in DC current measurement mode is not used as the input speciVcation has a max-
imum current limit of 3 A (Table 3.1), which is lower than the panel ratings.
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Table 3.1: Relevant SpeciVcations for Agilent 34410A meters [9]
SpeciVcation Value
Number of Power Line Cycles (NPLC) 2.0
DC Input Voltage Range 0 - 1000 V
DC Input Current Range 0 - 3 A
DC Voltage Measurement Accuracy for 1 V 0.0035 + 0.0007
DC Voltage Measurement Accuracy for 10 V 0.0030 + 0.0005
ADC Speed (per second) 10,000 readings with 5.5-digits
The voltage drop and the power dissipation across the resistor are small, as
shown by Eq. 3.2 & 3.4. Using the panel ratings in Table 1.1,
Vammeter < ISC(max) ×Resistance (3.1)
Vammeter < 5× 0.001 = 0.005 V (3.2)
Pdissipation < I
2
SC(max) ×Resistance (3.3)
Pdissipation < 5
2 × 1000 = 0.025 W (3.4)
Due to the excellent accuracy (Table 3.1) provided by the meters, the result is
adjusted by a factor of 1000 to obtain a good current measurement.
Imeasured =
Vmeasured
R
=
Vmeasured
0.001 Ω
= 1000× Vmeasured (3.5)
The NPLC or number of power line cycles parameter indicates the number of
line cycles over which the measurement is averaged. This parameter will be dis-
cussed further in the Section 3.2.4, Selecting the Correct Delay.
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3.2.3 Electronic Load
The Agilent 6060B high power electronic load is implemented as the variable load
impedance in the setup. The relevant speciVcations of the electronic load have
been listed in Table 3.2, and it should be noted that the panel ratings are matched
by the electronic load speciVcations.
Table 3.2: Relevant SpeciVcations for Agilent 6060B Electronic Load [10], [11]
SpeciVcation Value
DC Input Voltage 3 - 60 V
DC Input Current 0 - 60 A
Max Input Power 300 W
CR mode Ranges RANGE 1 0.033 - 1.0 Ω
RANGE 2 1 - 1000 Ω
RANGE 3 1000 - 10000 Ω
CV Regulation Circuit Slew Rate (default) 1 Vms
GPIB Instruction Processing Time 70 ms
Since the electronic load serves as a resistive load, it is initialized to the Con-
stant Resistance or CR mode. The electronic load regulates the input in CR mode
by either using the CV or CC circuits. Any oUset voltages in the op-amps of the
regulator circuits become errors at the input terminals of the load [10]. Since, the
electronic load is suited for high power applications, the oUset error becomes es-
pecially pronounced in the low current or high impedance range (Fig. 3.1).
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Figure 3.1: Impedance Error vs Current
The oUset errors can be mitigated by adjusting the electronic load impedance
based on the multimeter measurement data in order to get desired voltage and
current values. Although the error value can go as high as 10% for low currents
(Fig. 3.1), the current application does not require precise impedance regulation,
and hence the oUset error is ignored.
3.2.4 Setting the Correct Delay
Every time the load impedance is incremented, the computer python script is
paused for two seconds to allow transient behavior to subside. This section de-
velops an understanding of the response time limitations of the setup. There are
three parameters that aUect the transient delay, the multimeter NPLC time delay,
the electronic load impedance stabilization time delay and the power supply volt-
age regulation time delay. The NPLC parameter determines the number of power
line cycles to integrate for each measurement. Depending on the frequency of
the noise, it may take multiple cycles to attenuate the eUect of noise on measure-
ments [12]. Assuming that the noise introduced into the system is at the power
line frequency, a nplc value of 2 (Table 3.1) results in a time delay calculated in the
following equation.
25
tnplc_delay =
2
60
s = 33.33 ms (3.6)
The equation above indicates that lower noise frequencies lead to higher time
delays. However, noise usually originates from sources operating at power line
frequency or higher frequencies, and therefore the nplc time delay is not the dom-
inant time delay.
The maximum electronic load stabilization delay time occurs at the start of the
sweep and is calculated in Eq. 3.7 (Table 3.2). Since the low impedance range is
regulated using CV circuits, the voltage slew rate is used instead of the current slew
rate. Subsequent impedance changes are incremental, and hence, the impedance
settling time is always lower than the maximum stabilization time. It should be
noted that the default slew rate is programmed for the project, and the user has the
ability to implement faster slew rates that compromise other transient properties
like overshoot.
tsettling =
Vpanel
VSR
+ tGPIB Processing (3.7)
tsettling =
60 V
1 Vms
+ 70 ms = 130 ms (3.8)
The Kenwood PD56-10AD power supply voltage regulation time delay occurs
when the load impedance is changed by the electronic load and is given by Eq. 3.9
[13]. Since, the power supply voltage regulation time is a small factor of the elec-
tronic load stabilization time (Eq. 3.10), it can be assumed that the electronic load
impedance stabilization loop is not aUected by the power supply voltage regulation
loop. Hence, the worst case time delay is the sum of the electronic load stabiliza-
tion delay and the multimeter nplc delay (Eq. 3.11).
tresponse = 50 µs (3.9)
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tsupply_response
te−load_settling
=
50 µs
130 ms
= 0.00038 (3.10)
tdelay(worst case) = 133 ms + 33.33 ms = 166.33 ms (3.11)
Equation 3.11 illustrates that the worst case delay for the full setup is less than
one second. To choose the optimal setup delay parameters, I-V sweeps are per-
formed with diUerent code time delays and multimeter nplc values, and the results
are plotted in Figure 3.2.
Figure 3.2: Measured Impedance vs Supply Current
The results demonstrate that increasing delay and NPLC parameter above 1 does
not signiVcantly aUect the impedance measurements, and conVrm that the tran-
sient time delay in the system is smaller than the code delay time and the noise
contribution in the load signal is insigniVcant. Therefore, the median values for
both the delay time and the NPLC parameter are chosen (table 3.3).
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Table 3.3: Time Delay and NPLC Values
Parameter Value
Time Delay 2 s
NPLC 2
3.3 Results
Figure 3.3 shows the results from the power supply I-V sweeps. As expected, the
I-V curves are straight lines with slopes close to inVnity. The curves also demon-
strate the ability of the setup to eXciently handle load currents from 0.2 A to 5
A, and block source voltages upto 60 V. A reasonable assumption is made in ex-
trapolating results for extending the current range down to zero amps. Hence, the
entire range of the panel ratings (Table 1.1) is satisVed by the full setup experiment.
Figure 3.3: Power Supply Sweep
Four-wire impedance measurements can also be validated by analyzing one of
the I-V curves. The diUerence in two-wire impedance measurements and four-wire
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impedance measurements is quantiVed by the equivalent series wire resistance.
Ωwire =
Vdrop(wire)
Iwire
=
V4−wire − V2−wire
I4−wire/2−wire
(3.12)
Figure 3.4: Voltage Drop Across Wires vs Current Drawn
The voltage drop across the series wire resistance is plotted versus the current
drawn through the wire in Figure 3.4. As expected, the voltage drop is a straight
line with a Vnite positive slope being the wire resistance (Eq. 3.13).
Rwires =
0.699 V− 0.120 V
4.283 A− 0.811 A = 0.167 Ω (3.13)
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CHAPTER 4
PV EMULATION
This chapter covers the Vnal experiment involving I-V sweeps of PV panels using
novel PV emulation techniques, and demonstrates the capacity of the setup to
sweep three PV panels. PV emulation techniques oUer an easy, cheap and reliable
solution for testing PV modules in the laboratory. The emulation model discussed
in the next section slightly deviates from the illuminated PV I-V curve at higher
impedances [14]. However, the focus of this experiment is not on precise emulation
of PV panels, so PV module emulators are adequate for this experiment.
4.1 Setup
The setup for the experiment is similar to the system layout shown in Fig. 1.1, but
the PV panels are replaced by emulated PV modules. Figure 4.1 illustrates the PV
emulation source setup, in which three HP 6632A power supplies are used in con-
junction with three SPI-020M-9.5 engineering evaluation prototype modules from
Solar Power Industries Inc. The PV modules are completely covered to nullify the
photovoltaic current Iph generated by illumination. By supplying an external cur-
rent Isupply equivalent to Iph, an I-V curve similar to the I-V curve of an illuminated
PV module can be obtained [14]. The relevant speciVcations of the PV module are
listed in Table 4.1.
Table 4.1: SPI-020M-9.5 PV Module SpeciVcations [14]
Parameter Value
Open Circuit Voltage 12 V
Short Circuit Current 2.5 A
Maximum Power Point Voltage 9.5 V
Maximum Power Point Current 2.3 A
30
PV 1
Isupply
Source 1
PV 2
Isupply Source 2
4 A
3 A
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Figure 4.1: PV Emulation Source Setup
The power supplies are operated in CC mode with the output current Isupply
representing the short circuit current at a desired insolation level. Therefore, I-V
characterization is performed for three diUerent insolation levels and Isupply cur-
rents are set to 4, 3 and 2 A. The power supply output voltage Vsupply is set to a
voltage higher than the open circuit voltage of the PV module [14]. Using these
settings, I-V sweeps are performed on the PV emulation source setup shown in
Figure 4.1.
Table 4.2: Power Supply Parameters
Parameter Value
Vsupply 20 V
Isupply 4, 3 & 2 A
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4.2 Hardware Implementation
This section continues the discussion about the full setup time delays from Section
3.2.4, Setting the Correct Delay. In this experiment, the power supply voltage reg-
ulation time delay (Eq. 3.9) is replaced by the CC stabilization time (Eq. 4.1[15])
for the HP6632A power supplies used in Figure 4.1.
tsettling within 0.025% = 60 ms (4.1)
The power supply needs to regulate the current for the emulated PV panel each
time the load impedance of the circuit is changed. In contrast to the argument in
Section 3.2.4, the electronic load impedance stabilization time given in Eq. 3.8, and
the CC stabilization time are comparable, as illustrated by Eq. 4.2. Therefore, the
function of the electronic load impedance regulation loop cannot be assumed inde-
pendent of the power supply current regulation loop, and the associated regulation
time delays are cascaded.
tsupply_settling
te−load_settling
=
60 ms
130 ms
= 0.46 (4.2)
Nevertheless, the time delays discussed in this section are still a factor of the
median setup time parameters listed in Table 3.3, and hence the setup time param-
eters are reimplemented for this experiment. Further discussion will be done in
section 4.4 Results, where the stabilization time cascade eUect is evaluated.
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4.3 Software Implementation
This section discusses important code improvements to the computer python script
that are instrumental in obtaining complete i-v curves. The computer python script
is tasked with sweeping the electronic load impedance, sampling the multimeters
and storing the measurement data. For obtaining precise PV i-v sweeps in a time
eUective manner, it is important to choose an optimal load impedance increment
step size. With large step sizes, majority of the measurements happen after the
knee of the i-v curve, as shown in Figure 4.2, while with small step sizes the sweep
takes hours to complete.
Figure 4.2: i-v Sweep with Constant Step Size
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To circumvent this issue, a variable load impedance step size is implemented.
Starting at a low impedance of 0.2 Ω, the step size is adjusted twice based on cur-
rent measurement thresholds. As a result, we get a more uniform measurement
graph as shown in Figure 4.3. The advantage of implementing variable step sizes
over Vxed step sizes is that graphs can be obtained with similar precision in the im-
portant points of the i-v curve, i.e at short circuit current, maximum power output
and open circuit voltage, while the time required to complete a sweep is reduced
from two hours to 10 minutes. Thereby saving considerable experimentation time.
Figure 4.3: i-v Sweep with Variable Step Size
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The second improvement relates to impedance range switching in the electronic
load. CR mode ranges describe the impedance ranges for which the electronic
load can successfully regulate its input signals. Furthermore, the sweep impedance
range for this experiment is chosen as 0 Ω to 1000 Ω, and is divided into two CR
mode ranges (Table 3.2). The electronic load operating in CR mode is defaulted to
the 1 Ω to 1000 Ω range on initialization and does not automatically switch based
on the sweep impedance value. Rather outside the default range, the electronic
load appears as an open circuit. Therefore, the i-v sweeps conducted linearly by
sweeping the impedance from 0 Ω to 1000 Ω result in closed i-v curves, as shown
in Figure 4.4.
Figure 4.4: i-v Sweep without Range Switching
To circumvent this issue, the electronic load is initialized to the 0.033 Ω to 1 Ω
range, and switched after the sweep impedance crosses the 1 Ω threshold. The
resultant i-v curves are discussed in the next section.
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4.4 Results
The results of an i-v sweep on the emulated PV modules are shown in Figure 4.5,
and they conVrm the ability of the setup to characterize three PV modules in a sin-
gle sweep. In comparison to Figure 4.4, the i-v curves show the beneVts of range
switching. The curves still do not touch the y-axis, since the electronic load cannot
implement or regulate its inputs at an impedance of 0 Ω. However, the curves can
be easily extrapolated to the y-axis.
Figure 4.5: PV Emulation Sweeps
It is also observed that the i-v curves have small deviations (bumps) from the
ideal results of an illuminated panel and furthermore the deviations have a positive
correlation with the short circuit current value. The ability of the power supply
to regulate a constant current in presence of voltage Wuctuations, determines how
closely the emulator dynamics can be matched to an illuminated PV module [14].
It is evident that the issue results from the stabilization time delay cascade eUect
discussed in Section 4.2, Hardware Implementation. Therefore, the system time
delays can be increased to mitigate the issue.
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CHAPTER 5
CONCLUSION
A compact, low-cost and reliable I-V characterization solution has been presented
that can characterize three PV panels in a single sweep. The proposed solution
features a relay circuit board, a microcontroller, a host computer, and basic lab
components such as two multimeters and an electronic load. The functionality
of the full setup has been veriVed by I-V sweeps of three emulated PV modules.
Future work on this project will focus on improving the performance of the relay
circuit board.
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Appendix A
RELAY CIRCUIT BOARD LAYOUT &
SCHEMATIC
Figure A.1: Board Layout
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Figure A.2: Relay Schematic
Figure A.3: LED Driver Schematic
39
Figure A.4: LDO Schematic
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Figure A.5: Interfacing Pins Schematic
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